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Japan.We examined whether transcription elongation factors control constitutive transcription of the his-
tone H1ð0Þ and GAPDH genes. Chromatin immunoprecipitaion demonstrated positive transcription
elongation factor b (P-TEFb) and 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB) sensitivity-
inducing factor (DSIF) present together with RNA polymerase II (pol II) throughout the histone
H1ð0Þ gene, whereas negative elongation factor (NELF) was conﬁned to the 50 region. Contrarily,
DSIF, NELF and pol II were conﬁned to the 50 region on the GAPDH. Inhibition of those factors
affected the constitutive transcription of the histone H1ð0Þ gene but not the GAPDH gene. Thus, NELF,
DSIF and P-TEFb control constitutive transcription in a gene-speciﬁc manner.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of RNA polymerase II (pol II) and (ii) regulation by transcriptionThe three main steps of transcription are: initiation, elongation
and termination. All three steps may become rate-limiting and
thus determine mRNA output. Although initiation is the most
highly regulated step, recent work highlights the crucial regulation
of transcription elongation controlling mRNA levels. Regulation of
transcription elongation not only controls the continuous and
ubiquitous expression of immediate early genes (IEGs) but also
the expression of a large number of genes transcription of which
may be arrested in particular rapidly reversible circumstances such
as starvation [1–4]; furthermore, transcription elongation is di-
rectly linked to transcript maturation (capping, splicing, polyade-
nylation) [2–4].
How is the transcription elongation step controlled? Recent
biochemical studies have addressed two major machineries: (i)
phosphorylation of the C-terminal domain (CTD) of a large subunitchemical Societies. Published by E
tion; CDK, cyclin-dependent
-1-b-D-ribofuranosylbenzimi-
glyceraldehyde-3-phosphate
MAP kinase phosphatase-1;
merase II; P-TEFb, positive
legel).
l Diseases, Osaka University,elongation factors [4–6]. Predominant phosphorylation of the
2nd and 5th serines in the YSPTSPS repeat in the CTD (CTD Ser-2
and CTD Ser-5, respectively) occurs concomitantly with pol II elon-
gation and initiation, respectively. The CTD Ser-2 phosphorylation
is thus likely to be a key for pol II elongation, and principally po-
sitive transcription elongation factor b (P-TEFb) phosphorylates
the CTD Ser-2 [7,8]. On the other hand, some transcription elonga-
tion factors directly modulate processive pol II elongation. For
example, 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB)
sensitivity-inducing factor (DSIF) and negative elongation factor
(NELF) cooperatively stall initiated pol II at promoter-proximal re-
gions [9–13]. Once P-TEFb phosphorylates the CTD Ser-2 of the pol
II and the C-terminal repeats of Spt5, a subunit of DSIF, the pro-
moter-proximal pausing is overcome, pol II resuming elongation
[10,14–16]. The regulatory importance of these two mechanisms
controlling transcription elongation machineries has been demon-
strated in vitro and in vivo particularly on inducible IEGs (e.g. c-fos,
MAP kinase phosphatase-1 (MKP-1), junB, heat shock genes)
[9–22].
In Drosophila cells promoter-proximal pausing of pol II has been
reported also on constantly transcribed house keeping genes
including the glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) gene [19,23]. A recent study using chromatin immunoprecip-
itation (ChIP) analysis combined with microarray technique (ChIP
on chip) indicated that approximately 12% of Drosophila genes
possess disproportionate accumulation of pol II around
promoter-proximal regions [24]. These observations show thatlsevier B.V. All rights reserved.
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elongation factors NELF, DSIF and P-TEFb may not be restricted
to IEGs.
Paradoxically, constitutive transcription also requires some reg-
ulatory control, because if it was simply ruled by mass action, it
would vary with the general transcription activity as a function
of hfreei pol II. Indeed, transcription of the GAPDH gene is likely
to be regulated by promoter-proximal pausing [19,22,23]. Consti-
tutive association of pol II with the GAPDH gene renders its tran-
scription insensitive to changes in available pol II. NELF, DSIF and
P-TEFb appropriately control promoter-proximal pausing of pol II
on IEGs [15,16]. However, knock-downs of NELF and of DSIF hardly
affect GAPDH transcription [25]. It thus remains unclear whether
those factors also regulate the transcription elongation of constitu-
tively transcribed genes. We herein examined whether and how
the transcription elongation of a constitutively transcribed gene
coding for histone H1(0), a lysine-rich member of the linker histone
H1 family, was regulated directly by NELF, DSIF and P-TEFb.2. Materials and methods
2.1. Cells and cell culture
Pituitary nueroendocline GH4C1 cells and previously estab-
lished GH4C1 RNAi cells (NELF-E-RNAi, Spt5-RNAi and control cells
[25]) were maintained as reported previously [15,25]. GH4C1 cells
incubated in serum-free medium (SFM) for 24 h were stimulated
for indicated time with 100 nM thyrotropin-releasing hormone
(TRH) (Roche, Indianapolis, IN, USA), 10 nM epidermal growth fac-
tor (EGF) (Sigma, St. Louis, MO, USA), 10 ng/mL tumor necrosis fac-
tor a (TNFa) (R&D Systems, Minneapolis, MN, USA), or 20 mM KCl.
For inhibition of transcription and of cyclin-dependent kinase 9
(CDK9) activity, GH4C1 cells incubated in SFM for 24 h were trea-
ted with 30 lM actinomycin D (Sigma) and 30 or 60 lM DRB (Sig-
ma), respectively.
2.2. Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed as described previously [22]. An
anti-cyclin T1 polyclonal antibody (H-245) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), an anti-Spt5 monoclonal antibody (BD
Bioscience, Lexington, KY, USA), an anti-NELF-A polyclonal anti-
body (A-20) (Santa Cruz Biotechnology) and an anti-pol II poly-
clonal antibody (N-20) (Santa Cruz Biotechnology) were used.
The primers and TaqMan probes used in this experiment are as fol-
lows: H1ð0Þ 50, forward primer 50-GGACCACCCCAAGTATTCA-30,
reverse primer 50-GCCGGCGCGGTTCT-30, TaqMan probe 50-FAM-
CGTGGCTGCCATCCAGGCAGA-TAMRA-30; H1ð0Þ 30, forward primer
50-TAGGAGGACGTTGTTCGTTTCC-30, reverse primer 50-GAACT-
GAAGTGGCACCAAGCA-30, TaqMan probe 50-FAM-TCCCCTCTTCCT-
GTGTAAGATGTGGCA-TAMRA-30; GAPDH50, forward primer 50-
CTCTCTGCTCCTCCCTGTTCTA-30, reverse primer 50-CTGGCACTGC-
ACAAGAAGA-30; GAPDH30, forward primer 50-GGGCAGCCCAGAA-
CATCA-30, reverse primer 50-CCGTTCAGCTCTGGGATGAC-30,
TaqMan probe 50-FAM-CCCTGCATCCACTGGTGCTGCC-TAMRA-30.
2.3. RNA preparation and quantitative RT-PCR
RNA preparation and quantitative RT-PCR were performed as
described previously [26]. The primers and TaqMan probes used
in this experiment are as follows: H1ð0Þ, forward primer 50-
CGGACCACCCCAAGTATTCA-30, reverse primer 50-GCCGGCGCGG-
TTCT-30, TaqMan probe 50-FAM-CGTGGCTGCCATCCAGGCAGA-
TAMRA-30; GAPDH, forward primer 50-ATGGTGAAGGTCGGTGT-
GAAC-30, reverse primer 50-GAAGGCAGCCCTGGTAACC-30.2.4. Western blotting
Preparation of whole cell lysates and Western blotting were
performed as reported previously [25]. An anti-histone H1(0)
monoclonal antibody (Abcam, Cambridge, UK), an anti-GAPDH
polyclonal antibody (FL-335) (Santa Cruz Biotechnology) and an
anti-actin polyclonal antibody (Sigma) were used.3. Results
3.1. Constant levels of histon H1(0) transcripts in spite of rapid
turnover
Transcription of the histone H1ð0Þ gene has been reported to
be constant during cellular proliferation, but histone H1ð0Þ mRNA
levels rise during cellular differentiation [27,28]. In pituitary neu-
roendocrine GH4C1 cells histone H1ð0Þ mRNA levels were con-
stant and insensitive to a variety of stimuli to which these cells
respond (TRH, EGF, TNFa and KCl) (Fig. 1A). Such stability indeed
reﬂects a stable rate of transcription since we conﬁrmed the rel-
atively short half-life of histone H1ð0Þ transcripts in GH4C1 cells.
mRNA levels of the histone H1ð0Þ gene decreased after blocking
transcription with actinomycin D, reaching 50% of the control
between 60 and 120 min (Fig. 1B). We subsequently veriﬁed the
half-life of GAPDH transcripts, which are also maintained at con-
stant levels in GH4C1 cells [22,25]. Similarly to murine EL-4 cells
[29], the half-life in GH4C1 cells was around 24 h (data not
shown), much longer than the half-life of histone H1ð0Þ
transcripts.3.2. Gene-speciﬁc distribution of NELF, DSIF and P-TEFb
We next examined by chromatin immunoprecipitation (ChIP)
assays whether the transcription elongation factors NELF, DSIF
and P-TEFb were associated with the histone H1ð0Þ and the GAPDH
genes in GH4C1 cells. We designed two primer sets for each gene
to monitor in vivo association of those three factors at the pro-
moter-proximal (50) and 30 regions (Fig. 2A). The ChIP assay with
the anti-pol II (N-20) antibody demonstrated that both regions
on the histone H1ð0Þ gene were well occupied by pol II. The fact
that pol II occupancy of the 50 region at steady state was larger
could be entirely accounted for by increased speed of elongation
when pol II progresses towards the 30 region of the histone H1ð0Þ
gene. In contrast, relatively less pol II was found at the 30 region
on the GAPDH gene when compared to the 50 region (Fig. 2B).
The pol II distribution patterns are consistent with the proposal
that pol II features promoter-proximal pausing on the GAPDH but
not on the histone H1ð0Þ gene [19,22,23]. We previously observed
similar pol II distribution patterns also in the ChIP assay with an-
other anti-pol II antibody (8WG16) [22]. Additional ChIP experi-
ments with speciﬁc antibodies against the three transcription
elongation factors showed conﬁned occupancy of NELF at the 50 re-
gion (Fig. 2C) and distribution patterns similar to total pol II of DSIF
and P-TEFb on the histone H1ð0Þ gene (Fig. 2D and E). Thus, these
results suggest that most of pol II elongates together with P-TEFb
and DSIF toward the 30 region on the histone H1ð0Þ gene while NELF
functions speciﬁcally at the 50 region. In contrast, on the GAPDH
gene both NELF and DSIF were conﬁned to the 50 region (Fig. 2C).
P-TEFb occupancy of the GAPDH gene was low and did not corre-
late with the occupancy by pol II and DSIF, in contrast to P-TEFb
occupancy of the histone H1ð0Þ gene (Fig. 2D). Thus, consistent
with the relative absence of P-TEFb, the pol II complex would be
conﬁned together with NELF and DSIF to the 50 region on the GAPH
gene.
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Fig. 1. Constant transcription of the histone H1ð0Þ gene turns over within a few
hours. (A) Constant transcription of the histone H1ð0Þ gene. Histone H1ð0Þ
transcripts were quantiﬁed by using real-time RT-PCR. Shown is mean ± S.E.M.
(n = 3; 0, 24, and 48 min, n = 1; 96 min) normalized to 18S rRNA. (B) Half-life of
histone H1ð0Þ transcripts. For quantiﬁcation of histone H1ð0Þ transcripts, 25 ng of
total RNA was used in real-time RT-PCR. Shown is mean ± S.E.M. (n = 3; 0, 60, and
120 min, n = 1; 240 min).
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NELF or DSIF
To probe for a differential involvement of P-TEFb during consti-
tutive transcription of histone H1ð0Þ versus GAPDH, we used DRBan inhibitor for CDK9, the protein kinase component of P-TEFb.
Based on the half-life of histone H1ð0Þ transcripts (Fig. 1A), we as-
sessed the transcription 2 h after DRB treatment. As shown in
Fig. 3A, transcription of the histone H1ð0Þ gene was reduced to
approximately 40% of the control in the presence of DRB, indicating
that P-TEFb is essential for the transcription. In contrast, DRB did
not signiﬁcantly affect GAPDH transcription even 24 h after the
treatment (Fig. 3B). We next focused on the roles of NELF and DSIF
for histone H1ð0Þ transcription. Using RNAi vectors, we previously
established GH4C1 cell lines with stably and effectively knocked
down expression of NELF-E, a subunit of NELF (NELF-E-RNAi cells),
or Spt5 a subunit of DSIF (Spt5-RNAi cells) [25]. We utilized the
RNAi cells to evaluate the effects of knock-down of NELF or DSIF
on histone H1ð0Þ transcription. In the NELF-E-RNAi cells, histone
H1ð0Þ transcription was slightly but signiﬁcantly enhanced
(Fig. 3C). Contrarily, the transcription was reduced in the Spt5-
RNAi cells. We could furthermore conﬁrm up-regulation of histone
H1(0) protein under RNAi of NELF-E (Fig. 3D). As for GAPDH pro-
tein, the expression was constant regardless of the RNAi
(Fig. 3D). We have reported previously that NELF regulates tran-
scription of IEGs directly as well as indirectly via modulation of
the mitogen-activated protein (MAP) kinase signaling pathway
[25]. Therefore, stable knock-down of NELF in the NELF-E-RNAi
cells could in principle up-regulate histone H1ð0Þ transcription
indirectly via modulation of intracellular signaling pathways.
However, the effect of NELF-E-RNAi is most likely direct because
histone H1ð0Þ expression up-regulated by knock-down of NELF-E
was observed both in cellular resting conditions (Fig. 3C and D),
i.e. without activation of intracellular signaling pathways, but also
after extra-cellular stimuli (e.g. TRH; data not shown). Collectively,
these results demonstrate that the constant transcription rate of
the histone H1ð0Þ gene results from the combined regulation by
P-TEFb, DSIF, and NELF.3.4. Inhibition of P-TEFb alters pol II occupancy of the histone H1(0)
gene
As shown in Figs. 2 and 3, transcription of the histone H1ð0Þ
gene is likely to be dependent on P-TEFb. We lastly evaluated by
ChIP whether P-TEFb regulated elongation efﬁciency of pol II on
the histone H1ð0Þ gene (Fig. 4). The ChIP assay with the anti-pol
II (N-20) antibody demonstrated that DRB treatment (30 and
60 lM) increased pol II occupancy of the 50 region of the gene. This
would be consistent with the proposal that inhibition of P-TEFb
(CDK9) activity by DRB blocks pol II elongation and causes pro-
moter proximal pausing of pol II. In contrast, occupancy by pol II
of the 30 region decreased slightly; a statistically signiﬁcant
(P < 0.05) decrease was observed with 60 lM DRB. On the other
hand, we did not observe any changes of pol II occupancy of the
GAPDH gene under the same experimental conditions (data not
shown). Compared to its effects on histone H1ð0Þ gene transcripè-
tion, DRB causes much stronger inhibition of pol II elongating IEGs
resulting in a marked reduction of 30 occupancy by pol II and over-
all transcription [15,16]. Histone H1ð0Þ gene transcription appears
thus to depend less upon P-TEFb than IEG transcription for which
the regulated abundance of free P-TEFb contributes to transcrip-
tion control [16]. Nevertheless, the data in Fig. 4 indicate clearly
that P-TEFb participates in the elongation of histone H1ð0Þ tran-
scripts by of pol II.4. Discussion
We examined in this study whether constitutive transcription
was controlled by the transcription elongation factors NELF, DSIF
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Fig. 2. In vivo association of pol II, NELF, DSIF and P-TEFb with the histone H1ð0Þ and GAPDH genes. (A) Genomic locus of rat histone H1ð0Þ (GeneID: 24437) and rat GAPDH
(GeneID: 24383) with the primer positions we used herein. (B–D) The occupancy of pol II, NELF, DSIF and P-TEFb on the histone H1ð0Þ and GAPDH genes. ChIP assays were
performed with an anti-pol II (B), an anti-NELF-A (C), an anti-Spt5 (D) and an anti-cyclin T1 (E) antibody with the chromatin prepared from GH4C1 cells in cellular resting
condition. The density was quantiﬁed by real-time PCR and shown as relative value compared to the 50 region of the histone H1ð0Þ gene (mean ± S.E.M., n = 3).
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tion of the histone H1ð0Þ gene, for which promoter-proximal pol
II pausing appears not to be very prominent (Fig. 2). P-TEFb and
DSIF associated with the whole region of the histone H1ð0Þ gene
while NELF was conﬁned to the 50 region (Fig. 2). On IEGs DSIF
and NELF are promoter-proximally conﬁned in cellular resting
conditions. Extra-cellular stimulation for transcription induces
P-TEFb recruitment to IEGs evoking (i) the functional change of
DSIF into a positive elongation factor, which progresses together
with pol II, and (ii) the detachment of NELF from the pol II com-
plex [14–16]. The distribution patterns of pol II, NELF, DSIF and P-
TEFb on the histone H1ð0Þ gene under resting conditions are thus
reminiscent of those on IEGs after extra-cellular stimulation. P-
TEFb and DSIF would function preferentially as positive elonga-
tion factors on the histone H1ð0Þ gene. In fact, the transcription
was suppressed by DRB and knock-down of Spt5 (Fig. 3). Consis-
tently, DRB increased pol II occupancy of the 50 region of the his-
tone H1ð0Þ gene, thus inducing promoter proximal pausing.
Meanwhile, the conﬁned association of NELF (Fig. 2) and up-reg-
ulation of the transcription by knock-down of NELF-E (Fig. 3) sug-
gest that NELF plays a suppressive role for pol II elongation at the
promoter-proximal region. Recently, Narita et al. reported that
NELF functions for the 30 end processing of the transcripts of rep-
lication-dependent histone genes (e.g. H1F2)at the 30 regions of
the genes [30]. In addition, knock-down of NELF-E declines tran-
scription of those histone genes [30]. Therefore, the transcriptionelongation mechanism on the histone H1ð0Þ gene would be dis-
tinct from that on the H1F2 gene.
On the other hand, on the GAPDH gene the pol II complex is pro-
moter-proximally conﬁned together with DSIF and NELF (Fig. 2)
and little – if any – P-TEFb is recruited (Fig. 2). Because inhibition
of P-TEFb, DSIF and NELF did not affect GAPDH expression (Fig. 3
and Ref. [25]), the mechanism for the promoter-proximal pol II
pausing might be independent of those three factors or more com-
plicated than on IEGs. In fact, transcription of certain gene regu-
lated directly by NELF seems not to be affected by knock-down
of NELF-E [31].
Taken together, we showed here that the transcription elonga-
tion factors NELF, DSIF and P-TEFb are involved in constitutive
transcription. A major new ﬁnding of this study is that these fac-
tors control transcription elongation of the histone H1ð0Þ, a gene
for which promoter-proximal pausing is not a prominent feature
and probably would not be detected in a screen. Our ﬁndings
would be consistent with the recent proposal that promoter-prox-
imal pausing may be more widespread than so far assumed, or
even an obligatory transition for pol II gene transcription [32].
The regulation machinery involving the three factors is similar to
that on IEGs during the processive transcription induced by ex-
tra-cellular stimulation [15,16]. The constitutive recruitment of
P-TEFb may mask transcriptional pausing on the histone H1ð0Þ
gene, resulting in continually activated transcription (Fig. 5). In
contrast, promoter-proximal pausing of pol II controls the tran-
10
1.5
0.5
1
0
0.5
R
el
at
ive
 v
a
lu
e 
(H
1/1
8S
)
A
C
-DRB +DRB
2 hours
control NELF-E Spt5
RNAi
1.5
R
el
at
ive
 v
a
lu
e
(H
1/1
8S
)
*
*
*
D
Histone H1(0)
GAPDH
control
NELF
-E
Spt5
RNAi
Actin
1
0
1.5
0.5
R
el
at
ive
 v
a
lu
e
(G
AP
DH
/18
S)
B
2 hours 24 hours
-DRB
+DRB
Fig. 3. Alteration of histone H1ð0Þ transcription by inhibition of P-TEFb, DSIF or
NELF. (A) Suppression of histone H1ð0Þ transcription by DRB. Histone H1ð0Þ
transcripts were quantiﬁed by real-time RT-PCR. Shown is mean ± S.E.M. (n = 4).
The asterisk indicates a signiﬁcant difference (paired t-test, P < 0.01). (B) Insensi-
tivity to DRB of GAPDH transcription. GAPDH transcripts were quantiﬁed by real-
time RT-PCR. Shown is mean ± S.E.M. (n = 4). (C) Up- and down-regulation of histone
H1ð0Þ transcription by knock-down of NELF-E and Spt5, respectively. Total RNA was
extracted from GH4C1 RNAi cells and then histone H1ð0Þ transcripts were quantiﬁed
by real-time RT-PCR. Shown is mean ± S.E.M. (n = 4). Asterisks indicate signiﬁcant
differences (paired t-test, P < 0.05). (D) Expression of histone H1(0) and GAPDH
proteins in GH4C1 RNAi cells. Shown is a typical experiment repeated three times.
Actin protein is shown as an internal control.
0.5
0
1.5
5’ 3’
histone H1(0)
1
R
el
at
ive
 v
a
lu
e
pol II2
Mock
- DRB
30 μM DRB
60 μM DRB
Fig. 4. Inhibition of P-TEFb alters pol II occupancy of the histone H1ð0Þ gene. GH4C1
cells were treated for 2 h with or without DRB. ChIP assays were performed with an
anti-pol II antibody (N-20) with the chromatin prepared from the cells. The primers
and probes used herein are the same as in Fig. 2A (see Section 2). The density was
quantiﬁed by real-time PCR and shown as relative value compared to the signal
obtained from control cells for the 50 region of the histone H1ð0Þ gene (mean ±
S.E.M., n = 4).
pol II
NELFDSIF
pol II
P-TEFb
pol II
NELFDSIF
pol II
P-TEFb
pol II
DSIF P-TEFb
limited recruitment
histone H1 (0)
GAPDH
constitutive recruitment
pol II density
pol II density
pol II
Fig. 5. Presumed transcription elongation mechanisms on the constantly tran-
scribed genes the histone H1ð0Þ and the GAPDH. Transcription elongation is
promoter-proximally paused on both genes. On the histone H1ð0Þ gene constitutive
recruitment of P-TEFb and the subsequent resumption of pol II elongation mask the
pausing by DSIF/NELF, leading to continually activated transcription. In contrast, on
the GAPDH gene limited recruitment of P-TEFb and independency of DSIF and NELF
result in continuously restricted transcription.
T. Fujita et al. / FEBS Letters 583 (2009) 2893–2898 2897scription elongation of the GAPDH gene independently of NELF and
DSIF. The limited recruitment of P-TEFb on the gene might restrict
the release of the paused pol II complex, resulting in continually re-
stricted transcription (Fig. 5). We thus conclude that the general
transcription elongation factors NELF, DSIF and P-TEFb function
on constitutively expressed genes and IEGs in a gene-dependent
manner.Acknowledgement
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